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ABSTRACT

A record of single-layer and overcast low cloud (stratus) properties has been generated using approxi-
mately 4000 h of data collected from January 1997 to December 2002 at the Atmospheric Radiation
Measurement (ARM) Southern Great Plains Central Facility (SCF). The cloud properties include liquid-
phase and liquid-dominant mixed-phase low cloud macrophysical, microphysical, and radiative properties
including cloud-base and -top heights and temperatures, and cloud physical thickness derived from a
ground-based radar and lidar pair, and rawinsonde sounding; cloud liquid water path (LWP) and content
(LWC), and cloud-droplet effective radius (r,) and number concentration (N) derived from the macro-
physical properties and radiometer data; and cloud optical depth (7), effective solar transmission (y), and
cloud/top-of-atmosphere albedos (Rq4,/Rro) derived from Eppley precision spectral pyranometer mea-
surements. The cloud properties were analyzed in terms of their seasonal, monthly, and hourly variations.
In general, more stratus clouds occur during winter and spring than in summer. Cloud-layer altitudes and
physical thicknesses were higher and greater in summer than in winter with averaged physical thicknesses
of 0.85 and 0.73 km for day and night, respectively. The seasonal variations of LWP, LWC, N, 7, R4, and
Rro 4 basically follow the same pattern with maxima and minima during winter and summer, respectively.
There is no significant variation in mean r,, however, despite a summertime peak in aerosol loading.
Although a considerable degree of variability exists, the 6-yr average values of LWP, LWC, r,, N, 7, v, R4y,
and Ryoa are 151 gm™2 (138), 0.245 gm > (0.268), 8.7 pm (8.5), 213 cm ™ (238), 26.8 (24.8), 0.331, 0.672,
and 0.563 for daytime (nighttime). A new conceptual model of midlatitude continental low clouds at the
ARM SGP site has been developed from this study. The low stratus cloud amount monotonically increases
from midnight to early morning (0930 LT), and remains large until around local noon, then declines until
1930 LT when it levels off for the remainder of the night. In the morning, the stratus cloud layer is low,
warm, and thick with less LWC, while in the afternoon it is high, cold, and thin with more LWC. Future
parts of this series will consider other cloud types and cloud radiative forcing at the ARM SCF.

1. Introduction

Clouds are one of the largest sources of uncertainty
in predicting any potential future climate change
(Wielicki et al. 1995; Houghton et al. 2001) and have
been classified as the highest priority by the U.S. Cli-
mate Change Research Initiative (USCCRI 2001; see
online at www.climatescience.gov/about/ccri.htm). The
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importance of cloud-radiative interactions to global cli-
mate has been highlighted by many investigators (e.g.,
Wetherald and Manabe 1988; Mitchell and Ingram
1992; Houghton et al. 2001). The impact of clouds on
the Earth’s radiation budget mainly depends on cloud
amount and height, cloud particle size and shape, and
cloud (or ice) water content (Curry et al. 2000; Hough-
ton et al. 2001). Because various climate models have
different representations of cloud microphsyical and ra-
diative properties, an intercomparison of 19 general cir-
culation models (GCMs) produced a variety of cloud
feedback results, ranging from modest negative to
strong positive (Cess et al. 1990). A recent updated
comparison by Cess et al. (1996) showed a more narrow
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difference with most models producing modest cloud
feedback because they changed their cloud optical
properties in the models, such as an improper cloud
droplet radius. Much effort has been expended to bet-
ter understand and parameterize a few cloud types, es-
pecially cirrus and marine stratus and stratocumulus.
Marine stratus and stratocumulus clouds have been the
foci of considerable research that employed models
(e.g., Bretherton and Wyant 1997), surface (e.g., Klein
and Hartmann 1993), in situ (e.g., Albrecht et al. 1988),
and satellite observations (e.g., Minnis et al. 1992). Al-
though most emphasis in the climate community has
been on marine stratus/stratocumulus clouds, continen-
tal stratus should share some of the same characteris-
tics. To have a long-term record of their behavior,
something not easily done over ocean, is of consider-
able value.

To study the interactions between radiation and
clouds of all types, the Department of Energy Atmo-
spheric Radiation Measurement (ARM) program es-
tablished the ARM Southern Great Plains (SGP) cen-
tral facility (SCF; 36.6°N, 262.5°E) in 1992 (Stokes and
Schwartz 1994; Ackerman and Stokes 2003). In addi-
tion to better understanding of clouds and radiation,
the ARM program is designed to use long records of
surface observations to develop, test, and improve
cloud parameterizations in the context of single general
circulation model (GCM) grid columns and then to
transfer the resulting parameterizations into full three-
dimensional GCMs (Randall et al. 1996). To begin the
process of evaluating cloud parameterizations and vali-
dating satellite retrievals using ARM surface observa-
tions, Dong et al. (2000) used ground-based data to
generate a database of low-cloud properties for over-
cast and single-layer cloud events that occurred from
November 1996 through November 1998 at the SCF.
However, that database, which includes only 2 yr of
daytime cloud properties, is insufficient as a statistically
reliable climatology and cannot adequately describe the
diurnal cycle of continental stratus at the SCF. Since the
publication of Dong et al. (2000), we have compiled a
more extensive record of single-layer and overcast low
cloud macrophysical, microphysical, and radiative
properties using data collected for 6 yr at the SCF from
January 1997 to December 2002. During this period,
the liquid-phase and liquid-dominated mixed-phase low
clouds occurred frequently providing many opportuni-
ties to retrieve their microphysical and radiative prop-
erties using the approach of Dong et al. (1998). The
resulting record of cloud properties provides a unique
source of instantaneous and climatological information
for studying seasonal, monthly, and diurnal variations
of the midlatitude continental low cloud properties,
evaluating climate and regional forecast model param-
eterizations, and serving as the ground-truth for satel-
lite validation. As the first part of a series, this paper
documents fundamental statistical information about
the midlatitude continental low cloud properties at the
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SCF. It adds an additional 4 yr to the Dong et al. (2000)
results and expands the scope from daytime only to
include both daytime and nighttime cloud properties.
Thus, the diurnal cycles of continental low cloud prop-
erties are examined in detail.

2. Data and analysis methods

To obtain more reliable cloud microphysical and ra-
diative property retrievals, the cloudy cases selected in
this study are single-layer and overcast low clouds that
persist for approximately 2 h at the SCF. The low
clouds include mostly continental stratus and stratocu-
mulus, and some shallow cumulus clouds with cloud-
base and -top heights less than 3 and 4 km, respectively.
Five criteria were established for choosing the condi-
tions under which daytime cloud properties can be es-
timated. These criteria are (i) only single-layer and
overcast low clouds are present as determined from
cloud radar observations, (ii) cloud-top altitude Z,,, is
less than 4 km, (iii) the liquid water path LWP is be-
tween 20 and 700 g m 2, (iv) the cosine of solar zenith
angle () is larger than 0.2, and (iv) the range of ef-
fective solar transmission (y) is between 0.08 and 0.7.
The physical reasons for using these five criteria are
discussed in Dong et al. (2000). For nighttime cloud
retrieval criteria, the daytime criteria (i) to (iii) can also
be applied, with an additional criterion: the cloud radar
reflectivity ranges from —60 to —10 dBZ. These criteria
should, in general, correspond to the stratus, stratocu-
mulus, and fog (SSF) category used in the surface ob-
served climatology of Warren et al. (1986). Approxi-
mately 2163 h (~26 000 samples at 5-min resolution) of
daytime data and 1839 h (~22 000 samples at 5-min
resolution) of nighttime data satisfied the above criteria
during the 6-yr period.

The datasets (5-min resolution) in this study were
collected from direct surface measurements or derived
from surface measurements, as well as calculated from
the newly developed parameterizations of Dong et al.
(1998) and Dong and Mace (2003a). The main surface
observations and retrievals, as well as their uncertain-
ties and references used in this study are listed in Table
1. The centerpiece of the cloud instrument array is the
millimeter wavelength cloud radar (MMCR; Moran et
al. 1998). The MMCR operates at a wavelength of 8
mm in a vertically pointing mode and provides continu-
ous profiles of radar reflectivity from hydrometeors
moving through the radar field of view, allowing the
identification of clear and cloudy conditions. Cloud-top
height (Z,,,) is derived from MMCR reflectivity pro-
files and cloud-base height (Z,,.) is derived from a
composite of Belfort laser ceilometer, Micropluse lidar
(MPL), and MMCR data (CloudBaseBestEstimate;
Clothiaux et al. 2000). Since the laser ceilometer and
lidar are sensitive to the second moment of the particle
distribution (or the cross-sectional area of the particle)
instead of sixth moment like the MMCR, the ceilome-
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TABLE 1. Cloud property measurement and retrieval methods used at the ARM SCF.

Cloud parameter Instruments/methods Uncertainty References
Cloud-base height Ceilometer 8 m Clothiaux et al. (2000)
Cloud-base hieght Micropulse lidar 30 m Clothiaux et al. (2000)
Cloud-top height Microwave cloud radar 45 m Clothiaux et al. (2000)
Cloud-base and cloud-top Radiosonde sounding 0.2°C ARM Web site www.arm.gov

temperatures

Cloud LWP Microwave radiometer

Cloud LWC LWP/cloud thickness

I, Parameterization_1
Parameterization_2

N Parameterization_1
Parameterization_2

T Parameterization_1

Parameterization_2
Raays Rroa Parameterization_1
Y SWi(cloud)/SW{(clear)

~20 g m~2 for LWP < 200
~10% for LWP > 200

Dong et al. (2000); Liljegren
et al. 2001

~10% for daytime

~15% for nighttime
~20%-30% for daytime
~30%-40% for nighttime
~5% for daytime

~10% for nighttime
~5% for daytime

~5% for daytime

Dong et al. (1998, 2002)
Dong and Mace (2003a)
Dong et al. (1998, 2002)
Dong and Mace (2003a)
Dong et al. (1998, 2002)
Dong and Mace (2003a)
Dong et al. (1998, 2002)
Long and Ackerman (2000)

ter and lidar can provide a more faithful estimate of
Zy,ase than MMCR because MMCR often detects pre-
cipitation-sized particles below cloud base and false
cloud base due to the insect interference of MMCR
observations at the SGP site. The ceilometer and lidar
signals, however, can be severely attenuated due to ab-
sorption by optically thick liquid cloud layers, and these
signals can only penetrate through the cloud base about
200 m (Sassen 1991). Therefore, the ceilometer/lidar
derived Z, .. is used as the lowest Z ..

Cloud-base and -top temperatures, Ty, and Ty,
respectively, are estimated from a linear temporal in-
terpolation of ARM SCF rawinsonde soundings (~4
times per day) using Z,. and Z,,, Cloud physical
thickness (AZ) is simply the difference between Z,,,
and Z,,.. The LWP is derived from the microwave
radiometer brightness temperatures measured at 23.8
and 31.4 GHz using a statistical retrieval method (Lil-
jegren et al. 2001). The up- and down-looking standard
Eppley Precision Spectral Pyranometers (PSPs) pro-
vide measurements of downward and upward broad-
band shortwave (0.3-3 wm) fluxes at the surface, re-
spectively. The effective solar transmission vy is the ratio
of the measured cloudy downward shortwave flux at
the surface to the inferred clear-sky downward short-
wave flux that would be recorded by the broadband
pyranometer if there were no clouds present (Long and
Ackerman 2000).

The daytime microphysical and radiative properties
of single-layer and overcast low clouds are calculated
using the parameterizations of Dong et al. (1998, here-
after D98). Given a measurement of LWP, the tech-
nique of Dong et al. (1997, hereafter D97) uses an
iterative approach that varies cloud-droplet effective
radius (r,) in 82-stream radiative transfer model calcu-
lations until the computed effective solar transmission
matches the measured value. Optical depth is then
computed from the retrieved values of LWP and r,. The
motivation for using y instead of downward solar flux at
the surface is to account for the biases between mea-

sured and modeled surface downward solar flux (Kato
et al. 1997). The retrieved r, and cloud albedo were
then parameterized as a function of the cloud LWP, v,
and the cosine of the solar zenith angle (u,) (D98). It
should be mentioned that the application of these pa-
rameterizations in this study exceed the original low
and upper boundaries as stated in the D98 study. For
example, the minimum p,, has been extended from 0.4
to 0.2, the maximum LWP from 600 to 700 gm’z, and
the lower y from 0.1 to 0.08. The motivation for ex-
panding the limits of the D98 parameterizations is to
use as many cases and samples as possible to enhance
the statistics of each parameter. Because they represent
a greater range of cases, the statisitics can be more reli-
ably compared with cloud and climate model simulations.

To determine the impact of altering the limits, the
cloud microphysical and radiative properties based on
the D98 lower and upper limits were computed and
found to have values almost identical to those in Table
2 but with about 30% fewer samples. To further test the
accuracy of the D98 parameterizations, the D97 re-
trieval method was applied to 3 months (December
1997-February 1998) of data (~150 h) at the SCF and
subsequently compared to the estimates from the D98
parameterizations. Differences between the retrieved
and parameterized values were generally within 3%.
Another finding from that comparison was that the top-
of-atmosphere (TOA) albedo, on average, was about
84% of cloud albedo within 2% variation. Therefore,
the TOA albedo can be obtained by multiplying the
parameterized cloud albedo by 0.84 in this study. From
this 3-month comparison as well as comparisons with
aircraft in situ measurements (D98; Dong et al. 2002;
Dong and Mace 2003a), the D98 parameterizations, de-
veloped from a total of 25 h of ground-based observa-
tions of stratus taken in the Azores and Oklahoma, can
be extensively applied in the midlatitudes to areas with
low surface albedo (~0.2), but not to those with high
surface albedo (Dong and Mace 2003b).

The nighttime r, values are calculated using an em-
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TABLE 2. Seasonal and yearly averages, standard deviations, medians, and modes of various cloud parameters derived from the 6-yr
ARM SGP dataset

Winter Spring Summer Autumn Year
Day Night Day Night Day Night Day Night Day Night
G 0.180 0.153 0.176 0.130 0.097 0.069 0.179 0.134 0.158 0.128
0.11 0.06 0.13 0.07 0.14 0.08 0.17 0.11 0.09 0.06
Zyoser km 0.77 0.82 0.97 1.0 1.17 1.39 0.94 1.12 0.94 1.0
0.68 0.68 0.66 0.79 0.71 0.91 0.73 0.91 0.70 0.82
0.60 0.62 0.82 0.77 1.09 1.25 0.70 0.74 0.74 0.71
0.3 0.5 0.5 0.5 0.8 0.7 0.5 0.4 0.5 0.5
Zop> km 1.46 1.44 1.89 1.88 2.16 2.24 1.73 1.81 1.79 1.73
0.80 0.78 0.78 0.81 0.72 0.78 0.86 0.97 0.83 0.88
1.25 1.25 1.82 1.73 2.09 2.15 1.55 1.58 1.67 1.51
1.1 1.1 13 1.5 1.9 1.9 1.1 0.9 1.1 1.1
AZ, km 0.69 0.62 0.94 0.88 1.0 0.85 0.79 0.69 0.85 0.73
0.57 0.54 0.66 0.66 0.56 0.49 0.60 0.57 0.62 0.59
0.55 0.46 0.80 0.74 0.89 0.81 0.63 0.52 0.70 0.57
0.3 0.3 0.3 0.3 0.7 0.7 0.3 0.3 0.3 0.3
Thases K 2714 271.4 279.6 271.7 289.5 288 281.6 279.6 279.4 276.7
7.1 7.2 8.5 9.1 5.4 6.7 9.9 7.9 10 9.3
271.4 270.8 280 271.8 290.1 289.7 282.6 280.4 279.9 276.2
2725 272.5 271.7 271.5 292.5 292.5 285 282.5 280 272.5
Tiopr K 271.1 2711 2713 276 285.4 284.6 279.8 2783 2715 2755
8.8 9.0 10.1 10.8 6.6 7.1 9.5 8.5 10.3 10.3
271.7 272 278.4 276.6 286.5 285.7 281.3 279.8 278.8 275.8
272 270 2715 2725 2875 2875 2825 282.5 282.5 2725
LWP, gm 2 141.1 130.4 160 158.9 123 112.3 165.3 135.5 150.7 137.9
108 106 135 135 115 110 139 118 127 119
113.6 104.5 1153 116.9 82.9 80.1 119.7 99.2 109.7 103.4
75 75 75 75 75 75 75 75 75 75
LWC, gm? 0.282 0.296 0.24 0.250 0.16 0.18 0.27 0.28 0.25 0.268
0.46 0.36 0.21 0.22 0.17 0.20 0.25 0.23 0.30 0.28
0.25 0.259 0.19 0.21 0.11 0.126 0.22 0.241 0.20 0.232
0.22 0.19 0.075 0.1 0.075 0.075 0.15 0.15 0.075 0.1
T, um 8.4 8.6 8.7 8.6 8.9 8.1 9.0 8.4 8.7 8.5
32 34 3.0 2.8 32 2.0 33 2.9 32 3.0
7.8 8.0 82 8.1 8.4 8.0 8.4 7.8 8.2 8.0
7.0 7.5 7.5 7.5 8.0 7.5 7.5 7.0 7.5 7.5
N,cm™? 281 265 200 219 128 159 217 249 213 238
296 269 245 257 188 211 253 267 258 263
174 171 111 128 59 88 126 159 117 147
50 50 25 75 25 25 25 50 25 25
T 264 23.0 28.5 283 22.1 214 27.9 24.7 26.8 24.8
16.9 15.4 21.6 221 19.8 19.6 19.7 18.8 19.9 18.9
227 19.6 223 22.0 15.3 16.6 224 19.7 212 20.0
7.5 15 7.5 12.5 7.5 12.5 12.5 12.5 7.5 12.5
¥ 0.297 0.327 0.437 0.303 0.331
0.19 0.21 0.24 0.20 0.21
0.246 0.276 0.401 0.262 0.280
0.175 0.175 0.375 0.125 0.175
Raay 0.702 0.668 0.605 0.686 0.672
0.13 0.13 0.15 0.13 0.14
0.736 0.695 0.607 0.710 0.697
0.825 0.775 0.625 0.825 0.775
Rroa 0.588 0.560 0.507 0.575 0.563
0.11 0.11 0.12 0.11 0.12
0.617 0.582 0.509 0.595 0.584
0.675 0.625 0.525 0.675 0.675

pirical relationship between effective radius and radar
reflectivity based on both theory and the daytime re-
trievals (Dong and Mace 2003a). Then, the nighttime
cloud-droplet number concentration and optical depth
are calculated using the same method as its daytime
counterpart. The empirical relationship was derived
from only a total of 36 h of surface data, and validated

by 10 h of aircraft in situ measurements during the
March 2000 ARM cloud field experiment. Therefore,
this relationship may be changed and should be used
with caution for case studies. For statistical studies, it
should produce a statistical result similar to its daytime
counterpart, which has been proven in Table 2, and
Figs. 4 and 5.
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Annual and seasonal variations of low clouds at the ARM SGP Site
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FiG. 1. Cloud fractions in each season at the ARM SCF, ~2163 h of samples (5-min
resolution) used in this study for daytime, and ~1839 h for nighttime. The four seasons used
in this study are DJF (winter), MAM (spring), JJA (summer), and SON (autumn) except the

1996/97 winter includes Jan and Feb 1997.

On the basis of sensitivity studies (D97) and com-
parisons with aircraft data (D98; Dong et al. 2002; Dong
and Mace 2003a), the D98 parameterized cloud radia-
tive properties should be accurate to about =5%, while
the r, values have uncertainties of approximately 10%
for daytime and 15% for nighttime. The uncertainties
in the calculated cloud-droplet number density N can
be up to 20%-30% for daytime and 30%-40% for
nighttime because of uncertainties in the observed
cloud boundaries and the assumption of a constant size
distribution. The logarithmic width o, is set to 0.38
(Miles et al. 2000) in this study. Fixing o, in the cloud
retrieval scheme does not lead to significant errors in
the retrieved values of r,, while N changes by 15%-30%
as o, varies from 0.2 to 0.5 (D97).

3. Seasonal means and distributions of cloud
properties

The four seasons are defined here as winter from
December to February (DJF), spring from March to
May (MAM), summer from June to August (JJA), and
autumn from September to November (SON), except
that the 1996/97 winter includes January and February
1997. The seasonal/annual averages, standard devia-
tions, medians and modes listed in Table 2 are simply
the statistics of all selected samples (5-min resolution)
within a 3-month season using the previously noted cri-
teria for all cloud properties during the 6-yr period. The

seasonal cloud fraction standard deviations are calcu-
lated from six annual seasonal means.

a. Cloud fraction

The cloud fraction derived from the upward-looking
narrow field-of-view radar/lidar pair measurements is
simply the percentage of returns that are cloudy within
a specified sampling time period—that is, the ratio of
the number of hours when they satisfied the retrieval
criteria to the total number of hours when all instru-
ments (radar, lidar, microwave radiometer, and PSP)
were working. Because of the overcast definition, which
can also include fog and some large-celled stratocumu-
lus clouds, frequency of occurrence and cloud fraction
C due to these stratus clouds are synonymous in this
study. This cloud fraction should not be confused with
an instantaneous hemispheric cloud fraction observed
by satellite observations and surface observers. Cloud
fraction for the surface observer is the percentage of
the sky dome covered by clouds, while for the satellite
imager, it is the ratio of the number of pixels within
some defined earth surface area. The Warren et al.
(1986) time-averaged cloud fraction, compared with
our study, is defined as the product of frequency-of-
occurrence and amount-when-present.

The time series of seasonal mean daytime and night-
time cloud fractions are plotted in Fig. 1 and summa-
rized in Table 2. The least amount of stratus occurred
during the summer of 1998 while the greatest occurred
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during winter of the previous year. On average, the
seasonal variation of stratus is marked by minima dur-
ing summer and maxima during winter (Table 2). But
that cycle does not always hold. For example, the sea-
sonal variation in single-layer stratus coverage was rela-
tively small between 1999 and 2001 with the daytime
maximum occurring during the summer in 2000 (Fig. 1).
The interannual change in stratus coverage is very
large. For example, during the six winters, the daytime
cloud fraction ranged from 0.08 to 0.32, a factor of 4 in
variation. Nevertheless, the coverage during winter is
the least variable in a relative sense with standard de-
viations (SD) of 62% and 41% during daytime and
nighttime, respectively (Table 2). The maximum inter-
annual variability exceeds 100% during summer. On
average, fewer single-layer stratus clouds occur at night
than during the day, but the interannual variability is
smaller at night, even in a relative sense.

b. Macrophysical properties

The seasonal mean values of Zy,.; Ziop, AZ, Toases
and T, from January 1997 to December 2002 at the
ARM SCF are shown in Fig. 2 for both day and night.
The heights are given in km above ground level. They
can be converted to kilometers above mean sea level by
adding 0.315 km, the surface elevation at the SCF. As
shown in Fig. 2 and Table 2, the seasonal variations in
the cloud macrophysical properties for both daytime
and nighttime are almost the same. For the seasonal
variation, the Z,,s., Zop, and AZ means are generally
greater during summer than in winter, which suggests
that warm layer clouds are higher and thicker than
colder ones. The positive correlation between cloud
height and temperature can be easily explained by the
increased lifting condensation level (LCL) of surface
air during summer (DWO00) and by the much higher
cloud temperatures in summer than in winter if their
cloud heights are the same. For the vertical distribution
within a specified time period, however, the cloud
height normally has a negative correlation with cloud
temperature; that is, the higher the cloud height, the
lower the cloud temperature, as shown in the seasonal
means of both summer and autumn. Even though the
cloud heights are the same during the day and night
within a season, the daytime cloud temperatures may
be slightly higher than those at night (spring; Table 2).
The cloud-base heights and temperatures tend to be
higher and lower, respectively, at night than in the day-
time during all seasons except winter when there is vir-
tually no day-night difference. The average cloud-top
altitude is around 20 m less at night compared to day-
time during winter and spring, but is 80 m higher at
night during summer and fall. The cloud-top and -base
temperatures differ by only 0.3 and 1.5 K during winter
and autumn, respectively, despite corresponding mean
thicknesses of 0.66 and 0.74 km. The small temperature
differences suggest a nearly isothermal atmosphere.
During summer, the base-top temperature differences
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are greatest with an average of 3.75 K, which, when
combined with the mean thickness (0.923 km) suggests
a lapse rate of 4.1 K km™!, a dramatically different
structure compared to the winter and fall atmospheres
that give rise to stratus clouds.

The probability distribution functions (pdf) and cu-
mulative distribution functions (cdf) for these macro-
physical properties are illustrated in Fig. 3 for day and
night. During daytime (nighttime), the yearly median
values of Z,, and Z,,,, respectively, 0.74 (0.71 km)
and 1.67 km (1.51 km), and the mode values of Z, ..
and Z,,, respectively, 0.5 (0.5 km) and 1.1 km (1.1 km),
are generally less than their means (Table 2). Nearly
65% of the clouds have bases below 1 km and tops
lower than 2 km during both day and night. Only 10%
of the Z,,, values are between 3 and 4 km confirming
that the screening criteria are retaining nearly all rel-
evant low clouds. Cloud-top heights are more broadly
distributed than bases in all cases. The seasonal varia-
tion of AZ (Fig. 2¢) is not as regular as the cycles in
cloud heights and temperatures, despite the differences
in its summer and winter means, which increase by ~0.3
km from winter to summer (Table 2). The most com-
mon cloud thickness, 0.3 km, is less than half of the
mean thickness for all seasons except for summer. As a
result of the day-night differences in Z,,, frequencies,
the frequency distribution of AZ is slightly broader dur-
ing the daytime than at night. Nevertheless, 50% of the
clouds are less than 0.7 km thick during day and 0.57
km thick during night indicating that the medians are
close to the annual mean values.

The pdfs for Ty, (Fig. 3d) and T, (Fig. 3¢) are
slightly flatter during the day than at night with a dis-
tinct mode in both quantities around 273 K at night.
Cloud-base temperature rarely (5%-10% of the time)
exceeds 295 K or falls below 260 K. Despite the mode
at 273 K, supercooled liquid water (SLW) or ice occurs
in only 30% of these clouds during both day and night.
The temperatures in most of the clouds are between
265 and 290K, and the order of mean, median, and
mode values for all four seasons and year is nearly op-
posite to that of cloud heights, that is, from minimum to
maximum. From Fig. 3 and seasonal pdfs and cdfs of
cloud heights and temperatures (not shown), it is con-
cluded that the percentages of SLW for winter, spring,
summer, and fall seasons are approximately 60%, 27%,
3%, and 19%, respectively. Since the ARM SGP does
not have depolarization lidar, it is not possible to iden-
tify separately the liquid and ice phases, or mixed phase
in these clouds (7" < 273 K).

¢. Microphysical properties

Figure 4 shows the daytime and nighttime seasonal
means, respectively, of cloud microphysical properties,
LWP, LWC, r,, and N. Their corresponding frequency
distributions are plotted in Fig. 5 and their seasonal and
yearly mean, standard deviation, median, and mode
values are listed in Table 2. The seasonal variations in
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FIG. 2. Seasonal means of daytime (®) and nighttime (©) low cloud macrophysical properties at the
ARM SCF from Jan 1997 to Dec 2002. The dotted lines represent six summers during the 6-yr period.

LWP for both daytime and nighttime are obvious (Fig.
4a); they reach a minimum in summer and have maxima
in spring and fall. Nearly all mode values are half of
their mean values, and their medians are in the middle
between mode and mean. The yearly mean, median,
and mode values are about 145, 106, 75 ¢ m ™2, respec-
tively. Cloud LWC, the ratio of LWP to AZ, decreases
during each summer relative to the preceding seasons

(Fig. 4b). The LWC modes and medians (Table 2) are
0.075 and 0.20 g m ™ for daytime and 0.1 and 0.232 g
m~? for nighttime, respectively. The median LWC val-
ues are close to their means but their modes are much
smaller than their means. The daytime and nighttime
seasonal variations in cloud-droplet number concentra-
tion () are very similar to those for LWP and LWC,
that is, minima in summer and maxima in winter
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(Fig. 4d). The mean value of N during winter, ~273
cm >, is double that during summer, 143 cm . The
yearly modes and medians for N (Table 2) are 25 and
117 cm? for daytime and 25 and 150 cm > for night-
time, respectively. The seasonal and yearly median val-
ues are nearly half, and mode values are about 10%-—
20% of their mean values. The seasonal and yearly
means of cloud-droplet effect radius (r,) for both day-
time and nighttime are almost identical as shown in
Table 2. Their median values range from 7.8 to 8.4 um,
and mode values from 7.0 to 8.0 wm. The seasonal
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Fi1G. 3. Probability distribution functions (pdf) and
cumulative distribution functions (cdf) of daytime
(solid line) and nighttime (dashed line) cloud macro-
physical properties from all 5-min samples at the
ARM SCF during the 6-yr period.

variations in r, (Fig. 4c) are not as strong as those in
LWP, LWC, and N. The yearly modes and medians of
r, (Fig. 5c) are nearly the same for both day and night
with average values of 7.5 and 8.1 um, respectively. In
the frequency distributions, N has a long tail toward
higher values, while r, is more normally distributed.

d. Radiative properties

The time series of the seasonal mean daytime and
nighttime broadband cloud optical depths, effective

solar transmission, R4y, and Rros are plotted in
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properties at the ARM SCF from Jan 1997 to Dec 2002. The dotted lines represent six summers during

the 6-yr period.

Figs. 4e—g. Their corresponding frequency distributions
are shown in Figs. Se-h. Since there are no strong sea-
sonal variations in r,, the variations in the seasonal
means of 7 for both daytime and nighttime basically
follow the variation in LWP. Most 7 values (>90%) are
between 5 and 60 with peaks and medians at 7.5 and
21.2 for daytime, and 12.5 and 20 for nighttime. The
lower limit of T (=5) is artifact of the lower limit (=20

g m 2) of LWP used in this study (criterion 3). The
yearly means and standard deviations of T are, respec-
tively, 26.8 and 19.9 for daytime, and 24.8 and 18.9 at
night (Table 2). The negative correlation between and
the measured values of vy, while expected, is based on
the model estimate of T using y and LWP as constraints.
The peak frequency of occurrence of vy is 0.175 with the
median and mean values of 0.28 and 0.331. Like most of



1400 JOURNAL OF CLIMATE VOLUME 18

1.0 oaS 1.0
a.8 0.0 -0.8
d.8 1B -{0.B
L [TH T L
] [ g ] B =]
o oo 5
0.4 018 —0d.4
.2 0.0 —-0.2
a.0 oo ad.0
EDD 100
0.25 T T T 1.0 D25 1.0
(b} == 1
[ . -a.8 D20 a8
-~ - -
g
2156 e a4 215 0.6
Lo Lo Lo Lo
[=] = ' 1 oo [=]
[ T o L
SN - = 9.4 AL 3.4
L1 v = ] A
g —
(R o # - 9.2 (R 2.2
L& 1= ] A
P —
gk, oy T a0 0.0 S S S 4
0.0 0z 0.4 0.6 ng 0.0 0.1 0z 0.3 0.4 05 0.5 o’
LWe (g™ Solar transmission
028 .35 1.0
[T LAY o 1.5
18 LY o 1.6
Lo Lo Lo Lo
] [ g ] - ]
[ oo o
AL AR 9.4
R o R 9.2
0.0a D.od a.a
Q 02 1.0
1.0 005 T 1.0
LR L) o —12.4
.4 LY o 1.6
Lo Lo Lo Lo
(=1 (=g =] - =]
o (%3 8 L]
0.4 LA 0.4
q.2 [ERr -13.2
1 a.0 (X 1 1 1 a.0
0 200 400 B g 100D 0.2 0.4 0.6 0.6 1.0
Concar_{arm™ F_toa

FiG. 5. Pdf and cdf of daytime (solid line) and nighttime (dashed line) cloud microphysical and radiative properties from all 5-min
samples at the ARM SCF during the 6-yr period.



1 MAy 2005

DONG ET AL.

1401

Monthly variations of low clouds at the ARM SGP Site

080 T T T T T T T T T T T
3 Day

025 -
I e Night

020 -

015

Cloud Fraction

005

mlllllllll!l

Waonth

FI1G. 6. Same as Fig. 1, except for monthly cloud fraction derived from the 6-yr ARM
SCF dataset.

the previously discussed variables, the pdf tails off
gradually at higher values. Because R4y and Rypa are
positively correlated with T, they increase with rising 7.
The frequency distributions of R4, and Ryg4 are also
broad but have longer tails toward smaller values. The
mode, median, and mean values of R4, are 0.775,
0.697, and 0.672, respectively. The corresponding val-
ues for Ry, are 0.675, 0.584, and 0.563.

4. Monthly means and variabilities of cloud
properties

To further refine the temporal variability, the
monthly means and variations were calculated using all
samples (both day and night) for a given month during
the 6-yr period. The monthly cloud fraction during the
6-yr period is illustrated in Fig. 6. Naturally, the vari-
ability in monthly mean cloud fraction is similar to its
seasonal counterpart seen in Fig. 1. The minimum cloud
fractions occur during July and August, while the
maxima occur in March and October for daytime and in
January, November, and December for nighttime. The
greatest low stratus cloud occurrence is during March
while the least is in July for both daytime and nighttime.

Monthly means and distributions of combined day-
time and nighttime macrophysical and microphysical
cloud properties derived from the 6-yr ARM SCF
dataset, represented as box-and-whiskers plots, are
shown in Figs. 7 and 8, respectively. In each plot, the

bottom and top of the box represent the 25th and 75th
percentiles of the distribution, the bottom and top of
the whisker represent the 5th and 95th percentiles of
the distribution, and the shorter and longer lines across
each box represent the median and mean, respectively.
The distribution at the far right (ANN) of each plot
shows the cumulative statistics from the entire dataset
(both day and night) during the 6-yr period and the
average from the entire dataset is given by the horizon-
tal line extending across the entire plot. The mean
Zaser Ziops Toase and T, values (Figs. 7a-b,d—e) show
a strong peak from May to September and the AZ mean
values (Fig. 7c) are above the yearly average from April
to September. The cloud-base parameter means vary
smoothly with month. Monthly mean values of LWP,
LWC, N, and 7 (Figs. 8a-b,d—e) all show dips from May
to August with local maxima occurring around Febru-
ary—March and November—-December. Again, there is
no apparent monthly pattern in the mean r, (Fig. 8c).
The monthly means of y and R4, (Figs. 8f-g) are as
expected from the seasonal data, the maximum in vy and
the minimum in R4, occur during July-August, then
vice versa during January-February.

5. Diurnal variability

The cloud properties were averaged by local hour to
detect any diurnal cycles in each parameter. The hourly
means and variations were calculated from all samples
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F1G. 8. Same as Fig. 7, except for cloud microphysical properties. The radiative properties,
transmission, and cloud albedo are derived from the daytime dataset only.

in that hour from the 6-yr ARM SGP dataset. The
mean hourly cloud fractions are plotted in Fig. 9 for all
of the data and for summer and winter separately. In
the annual average (Fig. 9a), cloud amount increases
almost monotonically from midnight [(0000 local time
(LT)] to 0930 LT. The broad maximum during midday

is followed by a decline in C until 1930 LT when it
levels off for the remainder of the night. This same
diurnal cycle is seen during both extreme seasons. Al-
though the summer (~0.09; Fig. 9b) and winter (~0.07;
Fig. 9¢) cloud fraction variations are nearly the same,
the difference in relative variation is large. For ex-
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Diurnal Cycle of Low Cloud Amount at the SGP site
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F1G. 9. Same as Fig. 1, except for hourly
nighttime datasets at the ARM SCF during
~1230 LT (UTC = local time + 6 h).

ample, the summer cloud fraction increases from 0.05
to 0.14 (180%) and the winter cloud fraction rises from
0.14 to 0.21 (50%) from the midnight to local noon.
This suggests that the diurnal cycle during the summer
is much stronger than during the winter due to the sum-
mertime local convection at the SCF.

The corresponding hourly means and variabilities for
each cloud property are illustrated in Fig. 10, where the
definitions of the lines and symbols are the same as
those for the results in Fig. 7. The Z,,,, and Z,,, aver-

cloud fraction derived from both daytime and
the 6-yr period. The ARM SCF local noon is

ages are generally lower than the daily mean by about
0.1-0.2 km in the morning, and higher by about the
same amount in the afternoon (Figs. 10a,b). The hourly
mean values of T, and T, (Figs. 10d—-e) vary in
patterns opposite to those for the height parameters
because cloud temperature normally decreases with in-
creased cloud height. Mean cloud thickness (Fig. 10c)
increases by approximately 0.2-0.3 km from a minimum
around 0430 LT to a maximum around 1130 LT. It
is relatively invariant between 0900 and 1400 LT. The
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magnitude of the AZ hourly anomalies are similar to
those of Z,, and Z,,,, but in the opposite direction.
This result indicates that the low stratus clouds at the
ARM SCF site are lower, warmer, and thicker in the
morning compared to those observed during the after-
noon. LWC increases from morning to afternoon as
shown in Fig. 10g, which suggests that the low, warm,
and thick clouds have less LWC, while the high, cold,
and thin clouds have more LWC. LWP and N have a
similar pattern to LWC, but much weaker. Since there
is no strong diurnal cycle in r,, the diurnal variation of
7 basically follows that of LWP.

6. Discussion
a. Cloud fraction

The cloud fractions in Table 2 are restricted to the
conditions of single-layer and overcast low clouds.
However, analysis of all low cloud cases (not shown),
including those with overlying mid or high-level clouds,
yields cloud amount patterns that are very similar to

those in Fig. 1. The results are consistent with the data
of Warren et al. (1986) for an 11-yr average of surface
observations in a 5° region centered near the SCF. The
four seasonal means of SSF (stratus + stratocumulus +
fog) cloud amount from Warren et al. (1986) are 0.25,
0.23, 0.07, and 0.22, a pattern that is similar to that in
Table 2. The greater amount of SSF cloud cover is
probably due to the requirement of overcast (cloud
base/top seen continuously by the lidar/ceilometer/
radar for ~2 h) and single-layer clouds in the current
dataset. The surface data include nonovercast low
clouds and low clouds with other clouds above them,
and, therefore, should yield greater cloud amounts than
seen in Table 2. The amount of overlapped stratus is
difficult to determine from the surface, however, be-
cause the upper levels of the troposphere cannot be
observed when obscured by a low overcast. This diffi-
culty is highlighted in the multilayer statistics of Warren
et al. (1984). For the 5° region encompassing the SCF,
the surface climatology indicates that SSF clouds are
observed only about 30% of time without another layer
present, yet the presence or absence of middle and
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high-level clouds can only be determined about 75% of
the time. Thus, the 30% value probably corresponds
only to stratocumulus clouds and may not represent the
single-layer stratus probability.

Compared to the SSF surface climatology (Warren et
al. 1986), the diurnal variations in single-layer low cloud
amount (Fig. 9) differ in phase but have similar ampli-
tudes. The surface data indicate that SSF coverage
peaks at 0800 LT while cumulus coverage maximizes
around local noon. In Fig. 9, the maximum actually
extends over a 4-5-h period between 0900 and 1300 and
could just as easily be assigned to 0900 LT as any other
hour. The climatology is based on 3-hourly data so that
a 0900-LT peak would not be statistically different than
one at 0800 LT. Additionally, some slight difference is
expected between the two datasets because of differ-
ences in the sampled populations discussed earlier and
in the definitions of low clouds.

Minnis and Harrison (1984) also found a morning
maximum in low clouds over the central United States
from hourly geostationary satellite data, but only re-
ported results for 1 month. Del Genio et al. (1996)
compared GCM simulations with the International Sat-
ellite Cloud Climatology Project (ISCCP) climatology
and found that, over midlatitude land areas, the diurnal
cycle of low clouds peaked in the morning and early
afternoon in the GCM and ISCCP results, respectively.
Both model and observational data agree, at least, that
the maximum occurs during the time interval defined
by the broad maximum in Fig. 9 and not during the
night or early morning. This differs from the broad
maximum in marine stratus and stratocumulus cover-
age, which tends to have a broad peak centered on
~0600 LT suggesting different formation and dissipa-
tion mechanisms.

b. Cloud macrophysical properties

The relative seasonal variation in Z, . is the same as
that in the surface climatology (Warren et al. 1986)—
that is, the lowest in winter and the highest in summer,
but the surface-observed Z,. values, ranging from
0.64 to 0.90 km from winter to summer, are roughly 0.2
km lower than those in Table 2. Although Z, ... in War-
ren et al. (1986) was sometimes measured, it was mostly
estimated subjectively. The seasonal variations of Z,.
from the ceilometer also agree well in a relative sense
with those of the DWO0O0, although the current values
are roughly 0.2 km higher than those from DWO0O0 dur-
ing winter and almost 0.4 km higher during summer.
Differences in cloud-base height may be due to the
inclusion of nonovercast low cloud cases by DWO00 and
Warren et al. (1986) or to a different interpretation of
the ceilometer data. The Z,, values in DWO0O are ~0.9
km greater than those in Table 2 for the winter season,
but are in excellent agreement during summer. The re-
sults are large differences in AZ. The averaged AZ val-
ues in the DWO0O are 1.42 and 1.80 km for warm and
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cold seasons, respectively, compared to 0.92 and 0.65
km from the current Table 2. These differences, which
could be due primarily to either differences in method-
ology or the sampled populations, are important to
understand because they affect the retrieval of LWC
and N.

The clouds sampled by DWO00 were single-layered
low liquid-water clouds that were not necessarily over-
cast in the 2-h sense used here. Their only requirements
for low cloud cover were that the cloud was observed
by the ceilometer for 5 min with a base below 3 km; the
mean infrared (IR; 10.8 wm) brightness temperature
Tir of the nearest four 4-km pixels from the Geosta-
tionary Operational Environmental Satellite (GOES)
was greater than the temperature at 680 hPa as deter-
mined from the nearest sounding; and the range in 7z
for those four pixels was less than 5 K. The cloud-top
temperature was given the value of T and the cloud-
top altitude corresponds to the altitude Z with tempera-
ture 7(Z) in the sounding that is equal to Ty x. It was
found by comparing T with T(Z) starting at 680 hPa
(~3 km) and proceeding downward through the sound-
ing until 7(Z) > T;g. This approach does not account
for attenuation of the IR radiance by the atmosphere,
an effect that will cause some overestimate of the
cloud-top height. The cloud-base height was taken as
the average altitude from the ceilometer returns and
the cloud-base temperature was obtained directly from
the sounding. Thus, the DWO00 clouds could include
stratus, stratocumulus, fog, cumulus, and any multilay-
ered clouds with tops below 680 hPa. During winter,
cumulus is rarely observed over the Great Plains (War-
ren et al. 1986). Thus, more cold season fog, stratocu-
mulus, and multilayered low clouds were probably ob-
served by DWO0O0 because they would be the only low
clouds that would be observed besides those defined for
this study (cumulonimbus and nimbostratus would be
too thick to qualify). Neither cloud type tends to have
much vertical development. Cumulus clouds, which
have greater vertical development than stratus, clima-
tologically account for a cloud amount of 0.05 during
summer, slightly less than the overcast amount ob-
served in this study (Table 2). Therefore, the DW00
sample probably included a significant portion of cu-
mulus clouds in addition to the relatively flat overcast
clouds that comprise the results in Table 2. The sam-
pling difference could explain, at least, some part of the
Z,, and AZ discrepancies for both summer and winter.

Determination of a cloud height from 7,z and a
sounding is not as straightforward as it might seem if
inversions are present (e.g., Garreaud et al. 2001).
From this study, we found that there are more above-
cloud inversions during winter than in summer when
convection is common. These strong above-cloud inver-
sions during winter might be one of the reasons for
leading to the discrepancy between DWO00 and this
study. Therefore, we summarize the following possible
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reasons to explain the differences in Z,,, during the
winter between this study and DWO0O0: 1) cloud sampling
difference, such as overcast versus all low clouds, single
layer versus multilayer; 2) T\ error due to above-cloud
temperature inversions; 3) Tx error due to the lack of
atmospheric water vapor correction; 4) the uncertain-
ties of Z,, derived from MMCR reflectivity; and 5)
optically thin cirrus clouds above low clouds, those
were not screened out by MMCR or beyond the limi-
tation of MMCR detection to thin cirrus clouds (7 ~
0.1, Wang and Sassen 2002). The 20% of these optically
thin cirrus clouds (7 < 0.1), detected by the Raman
lidar but were not detected by MMCR (Wang and Sas-
sen 2002), do not affect the MMCR-derived Z,,, and
only slightly increase T',. However, those cirrus clouds
can easily make satellite 7} colder than its actual T,
and overestimate its Z,.

Another issue that should be mentioned is that the
MMCR-derived Z,,, values during summer in this
study may be biased high, at times, due to insect con-
tamination of the MMCR reflectivities. The magnitude
of the bias will depend upon the month and time of day,
and this problem will not be solved until an operational
94-GHz cloud radar is installed at the ARM SGP site
(E. E. Clothiaux and G. G. Mace 2004, personal com-
munication). Therefore, Z,,, values from late spring to
early fall should be used with caution. Note that Dong
et al. (2000) used radiosonde soundings to estimate AZ
and Z,,. They did this by taking cloud to occur in the
vertical extent of the lower atmosphere where the rela-
tive humidity exceeded 94% during the periods when
clouds were known to exist from MMCR and lidar/
ceilometer measurements. They subsequently used the
radiosonde-derived AZ to modify the MMCR-derived
Zop values during the summers of 1997 and 1998. They
made the modification by setting Z,,,, equal to the sum
of the radiosonde-derived AZ and the lidar/ceilometer-
detected Z,,.. for those times when the MMCR-
derived Z,,, values were higher than the cloud tops in
the radiosonde soundings. Comparing the current Z, .
and Z,,, with the Dong et al. (2000) results for the
period January 1997—November 1998, we found that
both the current Z,,,,. and Z,,, values are consistently
higher by approximately 400-500 m than the Dong et
al. (2000) results. However cloud thicknesses in the two
studies were almost identical. The Dong et al. (2000)
results were derived from pre ARSCL retrievals, which
were biased low by approximately 200 m because of
processing errors (E. E. Clothiaux 2000 and 2004, per-
sonal communication). Adding 200 m to the Dong et al.
(2000) values, the current Z,,,. and Z,,, values are still
~200-300 m higher than the Dong et al. 2000 results. If
the current Z,,, values are biases high by 200-300 m
because of insect contamination, we would expect the
current cloud thicknesses to exceed those of Dong et al.
(2000), which they do not. While this result does not
conclusively prove that the current Z,, values are not
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biased high, this result does indicate that the bias may
not be significant.

¢. Cloud microphysical properties

The AZ difference between DWO0O and this study
could also help explain why the cloud LWC values from
DWO00 and Table 2 are similar during the summer, but
not in the winter. During the cold season, the current
mean LWC is almost 3 times greater than that from
DWO00, nearly the same ratio of the DWO0O0 thickness to
AZ reported in Table 2. The mean LWP here is roughly
20% less than that from DWO0O during winter and is
37% less during summer. The differences are probably
due to (i) the lower and upper limits (20-700 g m™~?) in
this study and 40-1000 g m 2 in the DWO0O study; (ii)
sampling of different clouds, especially in summer; and
(iii) differences in the years and changes in the process-
ing algorithm used by ARM to derive LWP (Liljegren
et al. 2001) since the DWO0O study. Nevertheless, the
change of mean LWP with mean cloud temperature is
similar to that found by DWO0O for instantaneous val-
ues. These results indicate that, for the range of tem-
peratures seen here, LWC increases with decreasing
mean cloud temperature, and its correlations are
—0.577 and —0.646 for day and night, respectively.
LWP also has a slightly negative correlation with cloud
mean temperature with values of —0.21 and —0.31 for
day and night, respectively. These findings are based on
24 seasonal means in this study and therefore should be
viewed with caution. The seasonal variations in LWC
are also due to 1) small LWP and large AZ in summer
and 2) large LWP and small AZ in winter, which sug-
gests that the colder and thinner clouds have more
LWC and LWP than warmer and thicker clouds. The
results in Table 2 and Fig. 8b show that mean LWC
decreases with increasing temperature, a dependence
that is probably due to greater entrainment of dry air in
the more convective conditions occurring during sum-
mer while during winter the strong inversions can cap-
ture most of water vapor to form clouds. A complete
understanding of the quantitative correlations between
cloud LWP/LWC and temperature and detailed physi-
cal explanation for these phenomena can only result
from higher temporal resolution data (such as 5 min)
and a combined effort with cloud-resolving or single
column models; but they are beyond the domain of this
paper.

The mean effective droplet sizes are relatively invari-
ant with season while the number concentration during
winter is twice its summer value for both day and night
as shown in Figs. 4 and 8, and Table 2 with mode values
of 50 and 25 for winter and summer, respectively. These
lower mode values are plausible for maritime stratus
clouds but not over the midlatitude continental ARM
SGP site. Since N is calculated from the r, and LWC
values using a fixed lognormal size distribution, it is
necessary to discuss the accuracies of r, and LWC, as
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well as the seasonal variations of aerosol concentra-
tions. The values of N derived here are within the range
reported by Miles et al. (2000). The winter means in this
study are nearly the same as the average (288 cm?)
from the Miles et al. (2000) data. For statistical com-
parisons of the r, values with others, the means in Table
2 are nearly identical to the value obtained by Han et al.
(1998) for Northern Hemisphere continental clouds us-
ing satellite data. Sengupta et al. (2003) found that a
peak value of r, = 7.5 um, which is the mode value for
the current dataset as listed in Table 2, yields the best fit
between the observed and calculated solar transmission
using the observed LWPs at the SCF. The annual mean
value of r,, however, is about 3-um larger than the
average r, (5.4 um) found by Miles et al. (2000) from a
compilation of aircraft in situ data taken in clouds
formed in continental air. The compilation includes
data taken from a variety of instruments, sites, and lo-
cations within the cloud making it difficult to conclude
if the present results should be the same as that aircraft
summary. Given the excellent agreement with aircraft
data reported by Dong et al. (1998, 2002; Dong and
Mace 2003a) for a subset of the current dataset and the
consistency with the Han et al. (1998) and Sengupta et
al. (2003) results, it is concluded that these results are a
good representation of the droplet sizes in low-level
clouds over the SCF.

Note that the influence of surface albedo (Ry.) on
the r, values was not directly included in the cloud-
droplet effective radius parameterization of D98, but
implicitly included in the solar transmission ratio, .
The D98 parameterization was developed from two
datasets: ASTEX (Rg. = 0.06) and ARM SGP (Ry. =
0.18). A sensitivity study revealed that the r, difference
could be 0.66 um using the D98 parameterization and
other radiative transfer model for the two surface albe-
dos with fixed LWP (150 g m~?) and solar zenith angle
(45°). The monthly R means of cloudy conditions dur-
ing the 6-yr period (Dong et al. 2004, manuscript sub-
mitted to J. Climate) range from 0.192 to 0.222, except
for snowing periods during December (0.266), with an
annual average of 0.211. The daily variation of R, may
be slightly larger than the monthly mean, but a lower
limit of u, = 0.2 was applied in the D98 parameteriza-
tion. Therefore, the R difference should never exceed
0.1 in calculating r, values using the D98 parameteriza-
tion. To further test the accuracy of the D98 param-
eterization, the Dong et al. (1997) retrieval was applied
to 3 months (December 1997-February 1998) of data
from the ARM SCF compared to the estimated r, val-
ues from the D98 parameterization. Three monthly
means from the retrievals and parameterization are
7.40 and 7.24 pm for December 1997, 9.4 and 9.72 um
for January 1998, and 7.43 and 7.41 um for February
1998, respectively. Comparing with aircraft in situ mea-
surements, the averaged r, values of the aircraft and the
D98 parameterization are 6.7 and 7.7 um, a total of 5 h
of data during the October 1996 Penn State IOP; and
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7.9 and 7.6 um, a total of 10 h of data during the March
2000 ARM SGP IOP, respectively. Given the small Ry,
variation at the ARM SGP, excellent agreement be-
tween the parameterization and retrievals, as well as
aircraft in situ measurements, we can conclude that the
D98 r, parameterization is not significantly affected by
R when Ry, is small. However, it is affected when Ry,
is high, when the surface is snow covered. A further
study supports the above conclusion (Dong 2005,
manuscript submitted to Geophys. Res. Lett.).

Since the r, values are relatively invariant with sea-
son, the seasonal variation of N mimics the LWC pat-
tern where the mean and median values of LWC during
the winter are almost twice their summer values, which
is the major source for explaining the winter—-summer
difference in N. The low mode of N in Fig. 5 is mainly
contributed by the low mode of LWC, especially during
the summer seasons. The probabilities of N are ~0.4 at
the mode value of 25 cm > during the summer and
~0.17 at the mode value of 50 cm™* in the winter. The
corresponding LWC mode values are ~0.3 and 0.075 g
m 7, and ~0.13 and 0.2 g m >, respectively, for summer
and winter. The overestimation of Z,,, will result in
underestimation of LWC and N. If 200-300 m is sub-
tracted from Z,,, the values of LWC and N will in-
crease by about 30% during the summer and the sum-
mer mode value of N may rise to 50-100 cm >, How-
ever, it cannot change the seasonal variation patterns, it
only reduces their winter-summer differences. There-
fore, it would be necessary to investigate the seasonal
variations of air mass back trajectories and aerosol
properties over the ARM SGP site during the same
time period as this study. That effort is beyond the
scope of this paper.

Even though the aerosol properties vary seasonally,
they may or may not be directly related to the seasonal
variations in cloud properties. Sheridan et al. (2001)
showed the monthly statistics for ground-based mea-
surements of aerosol properties at the ARM SGP site
for the 4-yr time period of 1997-2000. The maxima in
aerosol concentration (~800 cm~?) measured by Opti-
cal Particle Counter (OPC; diameter >0.1 wm) and
aerosol total scattering coefficient (60 Mm ') occurred
during August, while the condensation nuclei concen-
trations (CN) showed a dip (~5000 cm ~*) during June—
August. Direct comparison between the monthly varia-
tions of aerosol properties from Sheridan et al. (2001)
and the cloud properties in this study is not possible
because the aerosol measurements represent all time
periods. To effect a comparison, the aerosol statistics
would have to include only the subset of measurements
that correspond to the time periods when the cloud
properties are available and must meet the following
two conditions: 1) the atmosphere is well-mixed and 2)
the updraft velocity is larger than 0 m s~ ' so that the
surface-based measurements of aerosols are related to
those in the clouds (Delene et al. 2004).
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d. A new conceptual model of midlatitude
continental low clouds

Based on aircraft in situ measurements, Paluch and
Lenschow (1991) developed a conceptual model of the
life cycle of a marine stratus layer in the midlatitudes. It
starts initially as a thin, homogenous layer, then grows
and becomes patchy with time and produces precipita-
tion. This stage is followed by the formation of small
cumuli below and eventually disintegrates, leaving a
field of cumuli behind. Del Genio and Wolf (2000) ex-
plained and discussed, in detail, the similarities and dif-
ferences between marine and continental cloudy bound-
ary layer, and concluded that the formation, maintenance,
and dissipation processes of marine boundary layer
clouds can be mostly applied to continental boundary
layer clouds. Over the water, the moisture comes directly
from the surface, which also maintains a relatively
stable temperature throughout the day. The cloud layer
undergoes a coupling and decoupling with the surface
air over the diurnal cycle. Over midlatitude land areas,
the water vapor is typically advected into the region
with an air mass except when the surface is moist. The
stratus is often formed as part of a cyclonic system. It is
not surprising then that the moisture and cloud layer
over the SCF can be decoupled from the surface.

Another difference lies in the fast thermal response
time of the land surface. When the surface is moist, the
small amount of solar radiation that penetrates through
the cloud can be converted almost immediately into
sensible and latent heat providing moisture directly to
the cloud layer when not blocked by a strong inversion.
In the coupled cases, therefore, the cloud layer would
grow in the morning in opposition to the solar heating
of cloud layer, which tends to destroy the cloud in ma-
rine areas during the late morning. Generating local
convection to have enough turbulence is critical for
forming continental low clouds as discussed by DWO0O.
Thus, the cloud coverage can increase during the morn-
ing and be maintained until shortly after noon when the
entire cloud layer is lifted (Figs. 10a, b) due to the
increased LCL as discussed by DWO00. During the af-
ternoon, the cloud layer starts to disintegrate because
of mixing at the top of the cloud layer and strong solar
heating that makes the air parcel buoyant enough to
break through the cloud-top inversion layer to form
cumulus that is rapidly dissipated. Finally the low-level
and overcast continental cloud layer is either dissipated
or broken in the late afternoon (~1900 LT). Therefore,
a new conceptual model of midlatitude continental low
clouds at the SCF has been developed from this study.
The low stratus cloud amount monotonically increases
from midnight to early morning (0930 LT), and remains
at a maximum until around local noon, then declines
until 1930 LT when it levels off for the remainder of the
night. In the morning the stratus cloud layer is low,
warm, and thick with less LWC, while in the afternoon
it is high, cold, and thin with more LWC.
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7. Concluding remarks

This first part of a series of papers describing the
climatological low cloud properties at the ARM SCF
documents the most comprehensive dataset on conti-
nental low cloud macrophysical, microphysical, and ra-
diative properties to date. The statistics of cloud prop-
erties between daytime and nighttime are very similar
to each other and the average values are comparable to
the surface-based climatology—at least, in relative
terms. These results confirm part of an earlier study
using ARM SCF data, but also found some differences
that can be attributed to the availability of cloud radar
data, which are invaluable in estimating cloud-top
heights. This difference is the presence of a seasonal
cycle in cloud thickness and liquid water content. The
former has a summer maximum, while the latter has a
winter maximum. The result is that the number density
of cloud droplets is at a minimum during summer when
aerosol concentrations are greatest. This finding needs
further investigation.

The results are based only on measurements taken
from January 1997 to December 2002 at the ARM SCF.
No attempt was made to give an exhaustive climatology
of the midlatitude continental low clouds as a whole;
rather, the emphasis was to provide fundamental sta-
tistical information on the seasonal, monthly, and diur-
nal cycles of low clouds at the ARM SCF that should be
useful for validation of satellite-derived cloud statistics
and for improving and developing parameterizations of
stratus over land in mesoscale models and in GCMs.
Future installments of this series will report on other
types of clouds using the longest times series of mea-
surements available at the ARM SCF.

Acknowledgments. This research was supported by
the Office of Biological and Environmental Research
of the U.S. Department of Energy under Interagency
Agreement No. DE-AI02-97ER62341 as part of the At-
mospheric Radiation Measurement (ARM) Program.
During this study, authors were also partially supported
by NASA CERES project and University of North Da-
kota Faculty Seed Funding. Special thanks to. S. Ben-
son and G. Mace at University of Utah for providing
pre-processed ARM data, and to Dr. Del Genio and
two anonymous reviewers for providing insightful com-
ments and suggestions.

REFERENCES

Ackerman, T. P., and G. M. Stokes, 2003: The Atmospheric Ra-
diation Measurement Program. Phys. Today, 56, 38—44.
Albrecht, B. A., D. A. Randall, and S. Nicholls, 1988: Observa-
tions of marine stratocumulus clouds during FIRE. Bull

Amer. Meteor. Soc., 69, 618-626.

Bretherton, C. S., and M. C. Wyant, 1997: Moisture transport,
lower tropospheric stability, and decoupling of cloud-topped
boundary layers. J. Atmos. Sci., 54, 148-167.

Cess, R. D., and Coauthors, 1990: Intercomparison and interpre-
tation of climate feedback processes in 19 atmospheric gen-
eral circulation models. J. Geophys. Res., 95, 16 601-16 615.



1410

——, and Coauthors, 1996: Cloud feedback in atmospheric gen-
eral circulation models: An update. J. Geophys. Res., 101,
12 791-12 794.

Clothiaux, E. E., T. P. Ackerman, G. G. Mace, K. P. Moran, R. T.
Marchand, M. A. Miller, and B. E. Martner, 2000: Objective
determination of cloud heights and radar reflectivities using a
combination of active remote sensors at the Atmospheric
Radiation Measurement Program Cloud and Radiation Test
Bed (ARM CART) sites. J. Appl. Meteor., 39, 645-665.

Curry, J. A., and Coauthors, 2000: FIRE Arctic Clouds Experi-
ment. Bull. Amer. Meteor. Soc., 81, 5-29.

Delene, D. J., X. Dong, Y. Chen, M. Poellot, and J. Penner, 2004:
Analysis of the aerosol-cloud interactions from aircraft, sur-
face measurements, and cloud parcel model during the
March 2000 IOP at the ARM SGP site. Proc. 14th ARM
Science Team Meeting, Albuquerque, NM, Department of
Energy. [Available online at http://www.arm.gov/publications/
proceedings/confl4/index.stm.|

Del Genio, A. D., and A. B. Wolf, 2000: The temperature depen-
dence of the liquid water path of low clouds in the southern
Great Plains. J. Climate, 13, 3465-3486.

——, M.-S. Yan, W. Kovari, and K. K.-W. Lo, 1996: A prognostic
cloud water parameterization for global climate models. J.
Climate, 9, 270-304.

Dong, X., and G. G. Mace, 2003a: Profiles of low-level stratus
cloud microphysics deduced from ground-based measure-
ments. J. Atmos. Oceanic Technol., 20, 42-53.

——, and ——, 2003b: Arctic stratus cloud properties and radia-
tive forcing derived from ground-based data collected at Bar-
row, Alaska. J. Climate, 16, 445-461.

——, T. P. Ackerman, E. E. Clothiaux, P. Pilewskie, and Y. Han,
1997: Microphysical and radiative properties of stratiform
clouds deduced from ground-based measurements. J. Geo-
phys. Res., 102, 23 829-23 843.

——, ——, and , 1998: Parameterizations of microphysical
and shortwave radiative properties of boundary layer stratus
from ground-based measurements. J. Geophys. Res., 103,
31 681-31 693.

——, P. Minnis, T. P. Ackerman, E. E. Clothiaux, G. G. Mace, C.
N. Long, and J. C. Liljegren, 2000: A 25-month database of
stratus cloud properties generated from ground-based mea-
surements at the ARM SGP site. J. Geophys. Res., 105, 4529—
4538.

——,——, G. G. Mace, W. L. Smith Jr., M. Poellot, R. Marchand,
and A. Rapp, 2002: Comparison of stratus cloud properties
deduced from surface, GOES, and aircraft data during the
March 2000 ARM Cloud IOP. J. Atmos. Sci., 59, 3265-3284.

Garreaud, R. D., J. Rutllant, J. Quintana, J. Carrasco, and P.
Minnis, 2001: CIMAR-5: A snapshot of the lower tropo-
sphere over the subtropical southeast Pacific. Bull. Amer.
Meteor. Soc., 82, 2193-2208.

Han, Q., W. B. Rossow, J. Chou, and R. W. Welch, 1998: Global
survey of the relationships of cloud albedo and liquid water
path with droplet size using ISCCP. J. Climate, 11,1516-1528.

Houghton, J. T., Y. Ding, D. J. Griggs, M. Noguer, P. J. van der
Linden, X. Dai, K. Maskell, and C. A. Johnson, Eds., 2001:
Climate Change 2001: The Scientific Basis. Cambridge Uni-
versity Press, 881 pp.

Kato, S., T. P. Ackerman, E. E. Clothiaux, J. H. Mather, G. G.
Mace, M. L. Wesely, F. Murcray, and J. Michalsky, 1997:
Uncertainties in modeled and measured clear-sky surface
shortwave irradiances. J. Geophys. Res., 102, 25 881-25 898.

Klein, S. A., and D. L. Hartmann, 1993: The seasonal cycle of low
stratiform clouds. J. Climate, 6, 1587-1606.

Liljegren, J. C., E. E. Clothiaux, G. G. Mace, S. Kato, and X.

JOURNAL OF CLIMATE

VOLUME 18

Dong, 2001: A new retrieval for cloud liquid water path using
a ground-based microwave radiometer and measurements of
cloud temperature. J. Geophys. Res., 106, 14 485-14 500.

Long, C. N., and T. P. Ackerman, 2000: Identification of clear
skies from broadband pyranometer measurements and calcu-
lation of downwelling shortwave cloud effects. J. Geophys.
Res., 105, 15 609-15 626.

Miles, N. L., J. Verlinde, and E. E. Clothiaux, 2000: Cloud-droplet
size distributions in low-level stratiform clouds. J. Atmos.
Sci., 57, 295-311.

Minnis, P., and E. F. Harrison, 1984: Diurnal variability of re-
gional cloud and clear-sky radiative parameters derived from
GOES data. Part II: November 1978 cloud distributions. J.
Climate Appl. Meteor., 23, 1012-1031.

——, P. W. Heck, D. F. Young, C. W. Fairall, and J. B. Snider,
1992: Stratocumulus cloud properties derived from simulta-
neous satellite and island-based instrumentation during
FIRE. J. Appl. Meteor., 31, 317-339.

Mitchell, J. F. B., and W. J. Ingram, 1992: Carbon dioxide and
climate: Mechanisms of changes in cloud. J. Climate, 5, 5-21.

Moran, K. P., B. E. Martner, M. J. Post, R. A. Kropfli, D. C.
Welsh, and K. B. Widener, 1998: An unattended cloud-
profiling radar for use in climate research. Bull. Amer. Me-
teor. Soc., 79, 443-455.

Paluch, I. R., and D. H. Lenschow, 1991: Stratiform cloud forma-
tion in the marine boundary layer. J. Atmos. Sci., 48, 2141—
2158.

Randall, D., K.-M. Xu, R. J. C. Somerville, and S. Tacobellis, 1996:
Single-column models and cloud ensemble models as links
between observations and climate models. J. Climate, 9,
1683-1697.

Sassen, K., 1991: The polarization lidar technique for cloud re-
search: A review and current assessment. Bull. Amer. Meteor.
Soc., 72, 1848-1866.

Sengupta, M., E. E. Clothiaux, T. P. Ackerman, S. Kato, and Q.
Min, 2003: Importance of accurate liquid water path for es-
timation of solar radiation in warm boundary layer clouds:
An observational study. J. Climate, 16, 2997-3009.

Sheridan, P. J., D. J. Delene, and J. A. Ogren, 2001: Four years of
continuous surface aerosol measurements from the Depart-
ment of Energy’s Atmospheric Radiation Measurement Pro-
gram Southern Great Plains Cloud and Radiation Testbed
site. J. Geophys. Res., 106, 20 735-20 747.

Stokes, G. M., and S. E. Schwartz, 1994: The Atmospheric Ra-
diation Measurement (ARM) Program: Programmatic back-
ground and design of the cloud and radiation testbed. Bull.
Amer. Meteor. Soc., 75, 1201-1221.

Wang, Z., and K. Sassen, 2002: Cirrus cloud microphysical prop-
erty retrieval using lidar and radar measurements. Part II:
Midlatitude cirrus microphysical and radiative properties. J.
Atmos. Sci., 59, 2291-2302.

Warren, S. G., C. J. Hahn, J. London, R. M. Chervin, and R. L.
Jenne, 1984: Atlas of simultaneous occurrence of different
cloud types over land. NCAR Tech. Note NCAR/TN-
241+ STR, National Center for Atmospheric Research, Boul-
der, CO, 209 pp.

, X , ——, and ——, 1986: Global distribution of total
cloud cover and cloud type amounts over land. NCAR Tech.
Note NCAR/TN-273+STR, National Center for Atmo-
spheric Research, Boulder, CO, 229 pp.

Wetherald, R. T., and S. Manabe, 1988: Cloud feedback processes
in a general circulation model. J. Atmos. Sci., 45, 1397-1415.

Wielicki, B. A., R. D. Cess, M. D. King, D. A. Randall, and E. F.
Harrison, 1995: Mission to planet Earth: Role of clouds and
radiation in climate. Bull. Amer. Meteor. Soc., 76, 2125-2153.




